ondary hairpin structure, and processed into a miRNA duplex (miRNA:miRNA * ). It further leads to the release of mature miRNA by the unwinding of the duplexes [1] . Mature miRNAs are assembled into the RNAinduced silencing complex (RISC) to direct the RISC to their complementary target sites in the messenger RNA (mRNA). The activity of miRNA on a target mRNA is dependent on the degree of base pairing, and in the case of perfect or near-perfect base pairing, it leads to target mRNA degradation in plants [3] . Therefore, the perfect J Ginseng Res Vol. 37, No. 2, 227-247 (2013) or near-perfect base matching of miRNA to the targets makes the computational prediction of miRNAs easier in plants compared to animals, and they have been successfully applied in many plants [4] [5] [6] . miRNA genes are an important class of fine-tuning regulators, playing an important role in a wide range of developmental, biological, and metabolic processes in plants, including metabolism, stress response, vegetative phase change, organogenesis, and signal transduction [7, 8] .
To date, different approaches have been employed to identify miRNAs in various species, including: 1) direct cloning after isolation of small RNAs with a computational strategy 2) expressed sequence tags (ESTs) analysis, and 3) high throughput sequencing of small RNA [9, 10] . Among these three methods, we employed EST analysis and high throughput sequencing of small RNAs to discover Panax ginseng Meyer miRNAs. Comparisons of miRNA of different plant species show that miRNAs have been highly conserved throughout evolution. Its conserved nature helps to identify the miRNA from different plant species by comparative EST based homolog searches, which have been successfully applied in many species, including potato [11] , citrus [12] , switch grass [13] , lettuce [14] , and tobacco [15] , and it is applicable for those species in which whole genome sequence information is not available [16] . Even though the miRNAs are conserved, some of the miRNAs often express at low levels, or are expressed only in specific tissue or under specific conditions. A new generation of sequencing technologies like high-throughput pyrosequencing technology allows for the identification of lowly expressed or tissue specific expressed miRNA, which was reported in several species such as grapevine [9] , tomato [17] , and grapevine flower and berry [18] .
Based on the annotation criteria, to date 18,226 miRNAs have been deposited in the miRNA registry database (miRBase; release 18.0, http://microrna.sanger.ac.uk) from various species. Although miRNAs have been identified and validated in many plant species, they are largely unknown in P. ginseng (Korean ginseng), which is a traditionally known medicinal plant in oriental medicine where the roots of the plant are mainly used for medicinal purposes. The genus Panax is derived from panacea, which means a cure-all and longevity. It is a slow growing perennial herb of the Araliaceae family, and because of its mysterious power in oriental medicine, people have been using ginseng roots and its extracts to increase physical strength and vigor, and revitalize the body and mind [19] . Ginseng has been used in Korea, as well as other countries such as China and Japan. It contains triterpene ginseng saponins called ginsenosides, which are responsible for its various pharmacological activities, including immune system modulation, anti-stress activities, anti-hyperglycemic activities, anti-inflammatory, anti-oxidant, and anti-cancer effects. It also has polysaccharides, flavonoides, peptides, polyacetylic alcohols, and fatty acids [20, 21] . In recent years, the increasing evidence of miRNA identification and characterization in other important food crops such as rice, maize, arabidopsis, potato, tomato, citrus, grape fruit, and medicinal tuber crops [22] , and also the prediction of terpenoid pathway genes targeting miRNAs in various plant species [11, 23, 24] , as well as evidence of root development related miRNA [25] , all induces insight into the analysis of miRNA in P. ginseng. Here, we first report the profiling of miRNA and their targets in P. ginseng (Korean ginseng).
MATERIALS AND METHODS

Plant materials and small RNA sequencing
The flower buds, leaves, and roots were collected from 6-year field grown P. ginseng plants in south Korea. Immediately after collection, the samples were stored in liquid nitrogen for further analysis. A small RNA library of three samples was constructed using a TruSeq small RNA sample preparation kit, the concentration of RNA was analyzed using a bioanlyzer to determine the RNA integrity number, and a 28s rRNA:18s rRNA ration and ribogreen were used to analyze the RNA concentration. The good qualities of RNA were taken for sequencing using Illumina's Genome Analyzer IIx (GAIIx). The sequence reads were initially trimmed by removing the adapter sequences and low quality sequences with a phred score below 20. Finally, the small RNA sequence was taken in FASTQ format for further bioinformatics analysis.
Transcriptome sequences and microRNA registry database sequences
All known miRNAs of mature plants from different plant species were used as reference miRNA for predicting the conserved miRNA in P. ginseng. Known plant miRNAs (reference miRNAs) from the miRBase database (release 17) [26] were derived from different plant species, including Arabidopsis thaliana, Oryza sativa, Glycine max, Brassica napus, Medicago truncatula, Sorghum bicolor, Zea mays, and Saccharum officinarum, as well as all of the other plant species. The complete transcriptome sequences for P. ginseng were collected from the ginseng EST database (http://www.bioherbs.khu. ac.kr/ggrb) to predict the miRNA for P. ginseng [27] .
http://ginsengres.org
Expressed sequence tag based conserved microR-NA prediction
The small RNA raw sequence reads from Illumina's GAIIx were converted from the FASTQ to the FASTA format, and then the redundancy sequences were removed using the FASTX tool kit (http://hannonlab.cshl.edu/fastx_ toolkit), and the remaining unique sequences were selected for further analysis. Sequences 18 to 27 nt bases long were used to do BLASTN against the Rfam database to remove other small RNAs such as transfer RNA (tRNA), ribosomal RNA (rRNA), small interfering RNA (siRNA), small nuclear RNA (snRNA), and small nucleolar RNAs (snoRNA). The remaining sequences were used for the EST based miRNA prediction with the stranded protocol using the mirCheck tool, as well as a custom-made perl script [28] . Firstly, the sequences were matched using the PatScan algorithm with the miRBase database (release 17) to predict the conserved miRNAs in ginseng. Sequences with ≤3 mismatches were considered to be conserved miRNAs in ginseng. Those conserved miRNAs were taken for further analysis, as described in the workflow (Fig. 1) .
MicroRNA validation and digital expression analysis
To validate the predicted miRNAs, further evaluation was conducted using the RNA secondary structure prediction with RNAFold (http://rna.tbi.univie.ac.at/ cgi-bin/RNAfold.cgi), a web based tool. The predicted structures were evaluated with miRCheck with known criteria for plant miRNA prediction. Further confirmation was carried out through the minimal free-folding energy (MFE) and MFE index (MFEI) [29, 30] . Those sequences which passed the previous steps were matched with individual samples using the patScan algorithm, having 3 mismatches to get the digital gene expression. Finally, the exact matched read counts were calculated using a custom made perl script.
Target prediction and functional analysis
Predicted miRNA sequences were subjected to target prediction using the web based server psRNATarget (http://plantgrn.noble.org/psRNATarget). This tool has an option to predict user submitted RNAs vs. user submitted transcripts, and we used that option to predict all of the targets. All of the unique transcripts were taken for the functional annotation using the blast2go functional annotation tool. Transcripts were prepared through the de novo assembly and blasted against the non-redundant database, and then subjected to gene ontology analysis.
RESULTS AND DISCUSSION
Generally, miRNAs can be predicted by analysis of EST and sequencing of small RNAs. Here, we used both of EST analysis and high through put sequencing methodology for the identification of conserved miRNA in P. ginseng (Fig. 1) .
Computational identification of conserved microRNA by expressed sequence tag analysis
The identification of conserved miRNAs by EST analysis is greatly facilitated by the conserved properties of miRNA families among various plant species [29] . To identify the complete set of conserved miRNAs by computational predictions, the availability of the complete genome sequences is a pre-requisite. If complete genomic sequences are lacking, fragmented data like EST and high-throughput genomic sequences have been used [31] . Using the homology based strategy, lots of conserved miRNAs have been identified in various plant species, including potato (Solanum tuberosum) [11] , switch grass (Panicum virgatum) [13] , lettuce (Lactuca sativa) [14] , and rapeseed (B. napus) [32] . We employed the computational based approaches to predict miRNAs in P. ginseng with available ginseng EST sources from our lab.
miRNA sequences of various plant species were predicted and deposited in the miRBase database [33] . We used miRBase mature miRNA sequences as a reference sequence to predict miRNAs in ginseng using similarity searches. Mature plant miRNAs from different plant species were downloaded from miRBase, redundant sequences were then removed, and non-redundant unique sequences were blasted with P. ginseng EST sequences. Using homology searches, 69 miRNAs belonging to 44 conserved miRNA families were identified after repeated and protein coding sequences were removed (Table 1) . The majority of predicted miRNAs included miR414, miR1132, miR1439, miR319, miR482, miR847, miR854, miR1436, and miR2628. The mature miRNA sequences were grouped into same member families based on mature miRNA sequence similarity searches using miRBase. In our predictions, the miR414 family was predicted to have the largest abundance of miRNA members (7 members) (Fig. 2) , which was also reported in rice (O. sativa) [34] , Stevia (Stevia rebaudiana) [35] , and opium poppy (Papaver somniferum) [36] , while the highest abundance of the same family was reported in switch grass (11 members) [13] .
The second largest representative miRNA family was miR1439, where 6 members were identified in our predictions. Only 3 miRNA members of the miR1439 family were predicted in potato [11] , whereas 6 members were predicted in P. ginseng. Previously, miR1439 was listed as a new rice miRNA [37] and salt induced miRNA in rice [34] , and later it was identified in tobacco [15] and potato. Therefore, the prediction of some plant miRNAs in certain plant species may be responsible for special functions, and be conserved in particular species. Another family, miR319, was predicted with 5 members, while miR482, miR847, and miR854 contained 3 members in each family. Additionally, 2 members were contained in each miR1436, miR2628, and miR396 families. The rest of the families were represented with only one member. miR319, reported for various plant development functions like the regulation of leaf senescence, leaf morphogenesis, and leaf complexity [38] , and stress regulation of miR319 was reported in sugarcane [39] .
Two miRNA847s were reported in A. thaliana [40] and A. lyrata [41] . Interestingly, in our study, 3 members of miRNA847 were predicted in P. ginseng. Another miRNA, miR1436, was identified in this study, which was reported in barley [42] , switch grass [13] , and rice [34] , while 7 members were identified for the same family in potato [11] .
We further analyzed the characteristics of conserved miRNAs to distinguish from other small RNAs (Table  1 ). The length of mature miRNAs varies from 17 to 24 nt, where the majority of miRNAs are confined to 21 nt, followed by 20 and 19 nt (Fig. 3A) . The typical lengths of plant mature miRNA sequences are 21 nt, which are in the highest abundance in ginseng miRNAs, similar to other plant species [13, 32] . It was reported that the length of pre-miRNAs in plants ranges from 60 to >400 nt [43, 44] . The length of precursor miRNAs in P. ginseng varies significantly from 55 to 366 nt; however, the majority of pre-miRNAs are 60 to 139 nt in length (Fig. 3B) , which is similar to reports of other plant species [11, 13] . Having lower MFE is important for the sequences to form stable secondary loop structures for high thermodynamic stability [30] . In this study, the MFE value of identified P. ginseng miRNAs ranged from -20.53 to -99.8 kcal/mol, with an average of -35.78 kcal/mol. This MFE value of pre-miRNAs in the present study is consistent with previous reports [32] . MFEI was a valuable criteria used to distinguish potential miRNAs from other types of RNAs. If the MFEI value of the pre-miRNA was higher than 0.85, that sequence was considered to be a potential miRNA [44] . The average MFEI of the predicted P. ginseng miRNAs was 0.851 (Table 1) .
Sequence analysis of small RNAs from deep sequencing
We used the high throughput Illumina sequencing technology to sequence small RNAs in P. ginseng in order to validate the expression patterns of the EST based predicted conserved P. ginseng miRNAs. In high throughput sequencing technology, total of 56,430,729 raw sequences were obtained from the 6-year-old flower buds, leaves, and lateral roots of P. ginseng. After removing the low quality sequences, the remaining sequences with length ranging from 17 to 27 nt were obtained. The sequences were further processed to remove other RNAs and redundant sequences. Finally, a total of 5,353,559 non-redundant sequence reads were used for miRNA analysis (Table 2) .
Digital gene expressions of conserved microRNAs in Panax ginseng by deep sequencing
Non-redundant small RNA sequences were used to analyze the digital gene expression pattern of already predicted conserved miRNAs in P. ginseng. The small RNA sequences with 100% miRNA sequence similarity with homology based predicted miRNA sequences were used for digital gene expression studies in three tissues. Among the predicted miRNA families by small RNA analysis, miR414 and miR1439 contained the largest number of miRNA with four members, followed by the miR854 family with 3 members. Other families such as miR1436 and miR482 were represented with 2 members in each family. The remaining families had only one member of miRNA.
The expression level of each of the miRNA families also varied. The miRNA family miR482a showed a very high level of expression (number of reads) with the largest number of reads in each organ, such as 740 reads in the flower buds, 13,510 reads in the leaves, and 178 reads in the lateral roots. Followed by, miRNAs such as miR1132h, miR816a, and miR1436d showing the second largest abundant expression of miRNA reads in all three libraries. The miRNAs miR2626, miR1132f, miR1436b and c, miR1439, miR854c and d, and miR414d, e, and f were predicted with >100 miRNA reads in total for all 3 libraries, whereas miRNAs such as miR1534a, miR2658, miR482c, miR414h, and miR156b were predicted with lower expressions.
Tissue specific expression patterns were also observed, as miR1534a was expressed in lateral roots, but it was not expressed in flower buds and leaves, whereas miR414h and miR2097 were detected in flower buds and leaves tissues, but not in lateral roots. The miRNA families miR1448, miR156b, and miR2673b showed expressions in leaves and lateral roots, but not in the flower buds. miRNAs such as miR2658 and miR482c have shown expressions only in leaves, and not in the other tissues (Table  3) . Tissue specific expressions of miRNAs were reported in various plant species [9, 24] . Even though the root was considered to be the main functional part in P. ginseng, leaves and flower buds were also reported for various ginsenosides. This kind of tissue specific expressions of miRNAs represents an interesting topic for further indepth analysis.
The size distribution patterns of the identified small RNAs in P. ginseng were observed such that the majority of the small RNAs were 21 nt in size, followed by 20 nt, 22 nt, and 19 nt, as in the reports of other plant species, such as grapevine [9] and tomato [45] .
Target prediction
Predicting potential targets of miRNA based on a computational approach were aided by the perfect and near perfect complementary characteristics of miRNA with their target mRNA [46] . In order to understand the putative functions of predicted miRNAs, 346 potential targets were identified for the predicted 69 conserved miRNAs by searching the ginseng EST database. Most of the miRNA targets were predicted (Appendix 1), whereas for some miRNAs such as miR482a, miR816, and miR1132, targets were unable to be predicted, which may be due to the limited number of EST sequences available in the databases. Most of the miRNAs were identified with more than one target, especially the miR414 families identified with 68 targets, the miR854 families with 44 targets, and the miR1439 families with 29 targets, which is consistent with the notion that one miRNA may have many targets [47] . Gene Ontology based functional classification of targets was analyzed for understanding the miRNAgene regulatory network based on biological process and molecular function. In this study, predicted target functions were classified into biological process, molecular function, and cellular component. The main biological process of miRNA targets which involved in transport, protein modification process, regulation of transcription, response to various biotic and abiotic stimulus, secondary metabolic process, and regulation of gene expression which has important role in ginseng (Fig. 4A) . The mo- lecular function of predicted miRNA targets is involve in transporter, kinase activity, transcription factor, and protein binding (Fig. 4B ) and plasma membrane is an main cellular component of miRNA targets (Fig. 4C ). The predicted putative target genes not only involved in the transcription factors, but also various physiological processes targeting miRNAs were predicted (Appendix 1). Transcription factors were targeted by the miR1439e, miR2109c, miR414h, miR414i, miR419e, miR5309, miR847a, and miR854 families. In our study, the miR414 family was identified with the largest number of targets, and this miR414 family was reported to be involved in lateral root development in potato [11] . In addition, miR397 and miR1533 were shown to be involved in lateral root development in potato, which the miR397 family was also predicted in P. ginseng, whereas miR1533 was initially identified and later removed from P. ginseng miRNAs due to the lower MFEI value.
In the present study, miR156a was predicted which was reported for leaf development, vegetative phase change, flowering, and fruit development by targeting the squamosa promoter binding (SPB) protein like family of transcription factors in other plant species [48] . It was also reported that higher levels of expression of miR156/157 could prolong root growth and development in the tuberous medicinal plant [22] , but SPB targeting miR156 was unable to be predicted because of the limitless P. ginseng EST sequences. miR319, reportedly playing an important function in leaf morphogenesis [49] , was identified in P. ginseng. Vol. 37, No. 2, 227-247 (2013) Ginsenosides, very important triterpenoid secondary metabolites in the medicinal plant P. ginseng, were reported for their various pharmacological properties. Genes such as 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR), farnesyl diphosphate synthase (FPS), geranyl-diphosphate synthase, squalene synthase, and squalene epoxidase (SE) were reported as putative ginsenoside pathway genes [27] , and hydroxylation by cytochrome P450 and glycosylation mediated by UDPglycosyltransferases lead to synthesis of various ginsenosides. Overexpression of P. ginseng squalene synthase was shown to increase the ginsenoside production [50] . These putative ginsenoside pathway genes were predicted as the miRNA targets, especially SE targeting miR854b and miR854c. To support this, previous reports have shown that SE was the target of miRNAs, especially miR1533 [11] . Previous reports on the target identification showed that HMGR and FPS were targeted by different miRNAs [11, 23] . Accordingly, our results also showed that miR854e was identified to target FPS, while miRNA targeting HMGR was also predicted, but due to the lower MEFI value, it was removed in our analysis. Various cytochrome and glucosyltransferase targeting miRNAs were predicted in this study, as in the reports of other plant species [11, 22] . Ginsenoside Ro is the only oleanane-type pentacyclic triterpene, which is a minor component in P. ginseng, and has different pharmacological effects. Beta-amyrin synthase converts 2, 3-oxidosqualene to beta-amyrin, which leads to the production of oleanane type ginsenosides (Ro). miRNAs such as miR1439b and miR1439h were predicted to target beta amyrin sythase in P. ginseng, which was also reported in potato [11] . Various reports have shown a high similarity between predicted miRNA and their targets to previously reported miRNA and their targets. Alternatively, our miRNAs and target predictions showed less similarity with previously reported known miRNAs and their targets. The lower availability of P. ginseng transcriptomes in GenBank, and the lower number of phylogenetic relations, or the lower similarity with other known crops, could be one of the possible reasons for less conservation in nature of P. ginseng miRNAs compared to other known miRNAs.
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Some of the conserved miRNAs are expressed lower or below detection level in the case of the number of reads of small RNA sequences analyzed in flower buds, leaves, and lateral root tissues, and it may be present in other tissues that have not yet been analyzed. Most of the miRNA predictions in other plant species mainly used the young stage in their samples, whereas in contrast, we used fully matured tissues to sequence small RNA. These may be possible causes for the less expressed miRNAs in P. ginseng analyzed tissues. Numerous ginseng specific novel miRNAs may show a high level of expression in other tissues or organs, or different developmental stages are yet to be investigated and further experiments would provide more species specific miRNAs.
To sum up, we discovered 69 miRNAs in Korean ginseng, and tissue specific expression patterns of the identified miRNAs were analyzed using digital gene expressions of deep sequenced small RNAs of the flower buds, leaves, and lateral roots. Therefore, these results provide a basis for the regulatory roles of miRNA in ginseng. To get better insight into the miRNAs in ginseng, further studies on sRNA sequencing from specific tissues will be carried out. 
